The conversion of mechanical force into cellular signals, or mechano transduction, is an essential biological function that is conserved throughout evolution. Mechanically activated channels confer force sensitivity to cells and organisms by allowing the passage of ions across the membrane in response to a mechanical stimulus 1 . Piezo1 and Piezo2 were identified in 2010 as a conserved class of eukary otic mechanically activated ion channels 2,3 that are involved in var ious mechanotransduction pathways, including touch sensation 4 , proprioception 5 , nociception 6 , vascular development 7 and breath ing 8 . In humans, gainoffunction (GOF) mutations in Piezo1 are linked to dehydrated hereditary stomato cytosis 9-12 , a disease in which red blood cells are dehydrated and have increased permea bility to cations, and GOF mutations in Piezo2 are associated with distal arthrogryposis 13 . Lossoffunction mutations in Piezo1 and Piezo2 are linked to congenital lymphatic dysplasia 14 and defective touch perception and proprioception [15][16][17] , respectively. Piezo pro teins are structurally unrelated to other proteins, and are uniquely large compared to other ion channels (more than 2,000 amino acids). Electrophysiological studies have demonstrated that Piezo1 ion chan nels are gated directly by changes in membrane tension [18][19][20] , but the structural bases of mechanosensitivity and ion conduction in Piezo channels remain unknown. Previous crystallographic 21,22 and medium resolution cryoelectron microscopy (cryoEM) 22 studies have suggested the overall architecture of Piezo proteins. However, a mecha nistic understanding of Piezo function requires highresolution struc tural information of the channel.
The conversion of mechanical force into cellular signals, or mechano transduction, is an essential biological function that is conserved throughout evolution. Mechanically activated channels confer force sensitivity to cells and organisms by allowing the passage of ions across the membrane in response to a mechanical stimulus 1 . Piezo1 and Piezo2 were identified in 2010 as a conserved class of eukary otic mechanically activated ion channels 2,3 that are involved in var ious mechanotransduction pathways, including touch sensation 4 , proprioception 5 , nociception 6 , vascular development 7 and breath ing 8 . In humans, gainoffunction (GOF) mutations in Piezo1 are linked to dehydrated hereditary stomato cytosis 9-12 , a disease in which red blood cells are dehydrated and have increased permea bility to cations, and GOF mutations in Piezo2 are associated with distal arthrogryposis 13 . Lossoffunction mutations in Piezo1 and Piezo2 are linked to congenital lymphatic dysplasia 14 and defective touch perception and proprioception [15] [16] [17] , respectively. Piezo pro teins are structurally unrelated to other proteins, and are uniquely large compared to other ion channels (more than 2,000 amino acids). Electrophysiological studies have demonstrated that Piezo1 ion chan nels are gated directly by changes in membrane tension [18] [19] [20] , but the structural bases of mechanosensitivity and ion conduction in Piezo channels remain unknown. Previous crystallographic 21, 22 and medium resolution cryoelectron microscopy (cryoEM) 22 studies have suggested the overall architecture of Piezo proteins. However, a mecha nistic understanding of Piezo function requires highresolution struc tural information of the channel.
Cryo-EM sample and structure determination
A previous cryoEM reconstruction of mouse Piezo1 22 lacked amino acid sidechain definitions and connectivity of resolved regions, pre cluding building of an accurate structural model. Here, we optimized Piezo1 sample preparation parameters to make Piezo1 amenable to highresolution single particle cryoEM structure determination (Extended Data Fig. 1 ). After computationally sorting particle hetero geneity (Extended Data Fig. 2a ), we identified a subset of particles that were refined into both asymmetric and C3symmetryimposed maps of the mouse Piezo1 trimer, with overall resolutions of 4.5 and 3.9 Å, respectively. We conducted masked refinement of the central 'core' 
Piezo1 core architecture
The homotrimeric Piezo1 complex exhibits a threeblade propeller shape with an extracellular 'cap' domain at the top of the central axis ( Fig. 1) , consistent with the previous mediumresolution cryoEM reconstruction 22 (Extended Data Fig. 5a -c). The transmembrane region can be approximated by the weak density corresponding to the detergent micelle (Fig. 1a, b ), in agreement with the hydro phobicity of the membraneexposed amino acids in our model (Fig. 1c) . Interestingly, the transmembrane region has a pronounced bend, suggesting Piezo1induced local distortion of the membrane. Although we cannot rule out the possibility that the bending is a product of deter gent solubilization, proteininduced membrane curvature has also been proposed for mechanosensitive channels of the twopore potassium 23 and bacterial MscS 24,25 families. The Piezo1 core ( Fig. 1d-f ) defines an architecture that is unique from other membrane proteins of known structure. The inner and outer transmembrane helices lie closest to the central axis, and are intervened by the extracellular cap, the structure of which was deter mined previously by Xray crystallography 21, 22 . In isolation, the trimeric arrangement of inner and outer helices and cap domains bear structural resemblance to acidsensing ion channels 26 and P2X receptors 27 , as noted previously 28 . The 12 transmembrane helices peripheral to the inner and outer transmembrane helices can be grouped into three fourtransmembranehelixcontaining bundles, each with the same topology, that we term Piezo repeats A, B and C, according to proxi mity to the central axis. Piezo repeat A of one protomer is adjacent to the outer helix of a different protomer, producing a 'domainswapped' arrangement analogous to some tetrameric (Fig. 1e) . The 'anchor' domain forms a triangu lar threehelix wedge between the inner and outer transmembrane helices and Piezo repeat A. The Cterminal domain (CTD) con nects to the intracellular end of the inner helices, collaring the cen tral axis. The intracellular 'beam' , is an approximately 64residue (~95 Å) kinked helix that runs nearly parallel to the membrane, directly underneath Piezo repeats A to C. Although the N terminus of each beam is tethered directly to Piezo repeat C, its C terminus projects towards the central axis and is connected via a roughly 37residue disordered linker to a short, coiled peptide that we term the 'latch' , which contacts the intracellular face of the CTDs. The latch then connects back to Piezo repeat B via a relatively nonconserved 240residue stretch of peptide (Supplementary Data 1) that is not resolved in our maps. The beam and latch are positioned to transmit conformational changes from the pro peller blade periphery to the central ion channel. The beam may also be influenced by a nearby domain that we term the 'clasp' (Fig. 1d, f) , which was modelled without amino acid assignment owing to lower resolution and discontinuity with other domains.
Flexible blades consist of at least six Piezo repeats
Bladefocused classification and refinement of symmetryexpanded particles yielded two classes (blade class 1 and 2) with improved density at the periphery (Extended Data Fig. 3 ). Remarkably, in each of these maps, clear density for an additional three Piezo repeats is resolved (Fig. 2a, b) . Thus, a total of six Piezo repeats (which we have named A-F ordered by proximity to the central axis), or 26 transmembrane helices per protomer (including the inner and outer helices) are apparent, in disagreement with a previous cryoEM study 22 , which proposed 14 transmembrane helices. We note the possibility of additional trans membrane helices, and potentially Piezo repeats, in the Piezo1 protein that were not resolved in our maps, but have been predicted bioinfor matically 31 . Although we were only able to place amino acids confidently for Piezo repeats A-C, the topology of the peripheral three repeats is resolved and indicates that all six have the same overall structure and arrangement of transmembrane helices (Fig. 2c, d ). The termini of each repeat are cytoplasmic, with a pair of short linkers connecting the Nterminal transmembrane helices, and an extended extracellular linker connecting the third and fourth transmembrane helices. A nota ble feature of the Piezo repeats is the presence of cytoplasmic mem braneparallel helices tethered to their N termini. In addition to the Piezo repeats, the clasp domain also contributes a membraneparallel helix, adjacent to that of Piezo repeat B (Fig. 2b) . Amino acid assign ment for the helices in Piezo repeats A, B and C demonstrates their amphipathic nature (Extended Data Fig. 6a-d) . Interestingly, amphi pathic helices are thought to sense or induce membrane curvature in various proteins 32 , and have been proposed to be crucial for mem brane tensioninduced gating in various classes of mechanically acti vated channels 33 . That the amphipathic helices dictate local membrane deformation, and perhaps mechanosensitivity of Piezo1 is an intriguing possibility. We speculate the array of amphipathic helices in each blade may work together to invoke a local membrane environment with con tinued curvature, thereby contributing to the puckered architecture.
Our bladefocused classification of the symmetryexpanded par ticles yielded two classes with distinct conformations demonstrating conformational flexibility of the blade. While the central regions are relatively static, the peripheral regions undergo horizontal movement in the plane of the membrane, not vertically in and out of the membrane (Fig. 2e, Extended Data Fig. 5f, g ). Interestingly, associated with this lateral flexibility is an approximately 5° pivoting of the beam at a kink centred on a highly conserved AlaSerArgGly motif (A1316-G1319) (Fig. 2f, Supplementary Data 1) . This pivot may be an important struc tural feature that regulates how membranetensioninduced conforma tional changes at the periphery are transmitted through the beam to the central gating machinery.
Ion-conducting pore
The extracellular cap domain, inner helix and cytosolic CTD line the central pore axis of Piezo1. Extracellular cations could approach the pore entryway vertically through the internal cavity along the three fold axis of the cap domain, or laterally through gaps between flexible linkers connecting the cap and inner and outer helices (Fig. 3a) . The cap domain, which is flexibly linked to the transmembrane domain, might have a role in mediating ion accessibility to the pore, as suggested previously 28 . Indeed, a comparison of our current structure to the previous Piezo1 structure indicates distinct orientations of the cap domain and inner and outer helices (Extended Data Fig. 5d , e), illustrat ing the flexibility of the cap and the associated transmembrane helices. Below the cap, the ion conduction pathway is lined by the three inner transmembrane helices. Notably, we find two lateral openings between the inner helices separated by a 'seal' formed by K2479 and F2480 (Fig. 3b) . We term these openings the upper crevice (approxi mately 11 Å wide and 16 Å tall) and lower fenestration (10 Å wide and 12 Å tall), which may provide pore access for lipids or other hydro phobic molecules as a means to regulate ion conduction, reminiscent of the proposed forcegating mechanism of mechanically activated twopore potassium channels 23 . Molecular dynamics simulations of the homotrimeric ATPgated P2X3 receptor 34 revealed that a lower fenestration provides a passageway for ion flow into the cytoplasm. Although the possibility that the Piezo1 lower fenestration represents an ion permeation pathway warrants further study, we assume that, like most other ion channels, the pore is coincident with the central vertical axis. The porefacing residues of the inner helices are mainly hydrophobic (Fig. 3d) . The 35 Ålong membranespanning segment of the pore is relatively wide (more than 2 Å van der Waals radius) and does not house the narrowest constrictions of the conduction pathway (Fig. 3c, d) . Instead, the ion conduction pathway narrows directly below the lower membrane boundary into a cytosolic ~11 Å long 'neck' (with a minimum van der Waals radius less than 1 Å) that defines the closed state of the pore in the current structure.
At the top of the cytosolic neck, the side chains of M2493 and F2494, which are conserved across Piezo orthologues (Supplementary Data 1), form a hydrophobic barrier (Fig. 3e) . To examine the functional role of the apparent hydrophobic barrier, we recorded mechanically activated currents (Fig. 3g, h ) from Piezo1knockout HEK293T cells 14 express ing the alanine substitution mutants M2493A, F2494A and M2493A/ F2494A. The double mutant M2493A/F2494A resulted in a non functional channel despite proper trimeric assembly and surface expression (Extended Data Fig. 7a-c) , demonstrating the impor tance of these residues. Both of the single mutants expressed as func tional channels, with F2494A having significantly slower inactivation kinetics than wildtype Piezo for mechanically activated macroscopic currents in cellattached and wholecell configurations (Fig. 3g, h ). Furthermore, stretchactivated currents from F2494A had greater steady state currents relative to wild type (Fig. 3i , Extended Data Table 2 ). The increased channel activity of F2494A in these recordings is consistent with this residue having a role in gating, possibly by stabiliz ing a nonconducting state of the channel. The M2493A mutant did not show altered permeation properties, whereas the F2494A mutant only exhibited modestly increased single channel conductance (Extended Data Fig. 7d , e) and slightly altered ion selectivity (Extended Data Fig. 7f , g, Extended Data Table 2 ). Our results implicate the hydro phobic barrier as an important contributor to the gating properties of Piezo1, with a minor role in determining ion conduction and selec tivity. In previous studies, mutation of acidic residues (E2495 and E2496) adjacent to M2493/F2494 (Fig. 3e ) affected pore properties 28 , suggesting that they might coordinate permeating cations. In the cur rent structure, these residues do not project into the pore (Fig. 3e) , although structural changes associated with gating could result in this region adopting conformation(s) in which the side chains of E2495 and/or E2496 face the pore to form cationbinding site(s).
Directly below the hydrophobic barrier formed by M2493 and F2494, the pore pathway narrows into a second constriction delineated by P2536 and E2537 (Fig. 3f) , which are located at the turn of a helixturn-helix motif in the distal CTD. The side chain of E2537 forms a possible hydrogen bond with Y1412 of the latch domain (Fig. 3f) , which may allosterically couple movement of the latch to pore structure in this region. Approximately 4 Å below E2537 a robust density that cannot be reliably modelled but probably originates from the Piezo peptide is present (Fig. 3d) . This density, which forms a cytosolic 'plug' to the ion channel pore, could also have a role in the permeation pathway. 
Gating machinery and lipid pocket
Our structure suggests that activation of Piezo1 may involve concerted movements of the inner helix, outer helix, CTD, anchor domain, latch and beam domains. Interdomain contacts that are likely to govern gating movements allosterically are shown in Fig. 4 . The conserved anchor domain is poised to have a prominent involvement in gating through its interactions with the inner helix and CTD (Fig. 4b, c) . In particular, anchor domain residue E2133 and R2482 of the adjacent inner helix are probably engaged in an electrostatic interaction. In previous studies, mutations at E2133 affected singlechannel conductance and ion selectivity, and sensitivity to the pore blocker ruthenium red 34 . The equivalent mutation to R2482H in human PIEZO1 results in slower inactivation kinetics and is associated with dehydrated hereditary stomatocytosis 10, 12 . In the context of the present structure, these data implicate the anchor domain-inner helix interaction in regulating gating and pore properties of Piezo1. The cytosolic membranelining helix of the anchor domain forms several contacts with the CTD (Fig. 4c) , including potential electrostatic interaction(s) between R2169 and E2495/E2496, which are adjacent to porefacing residues M2493 and F2494 (Fig. 3e) . This interaction provides a possible explanation for why mutation of E2495 or E2496 affected the ion conduction properties of Piezo1
28
. Overall, the proximity of the anchor domain membrane lining helix to the cytosolic neck of the permeation pathway suggests that its movement would be strongly coupled to channel gating.
We observe a robust lipidshaped density in an apparent ligandbinding pocket formed by the anchor domain on one side and Piezo repeat A on the other (Fig. 4d) . Two conserved arginine residues (R2035 and R2135) project into the pocket, positioned to stabilize a negatively charged species. Notably, mutation of R2135 to alanine rendered Piezo1 nonfunctional 34 , suggesting that this ligandbinding pocket allosteri cally supports channel activity, and may therefore be a target for amphi philes and other compounds aimed at modulating Piezo function. In addition, we note the presence of a separate density, potentially repre senting a lipid headgroup, that is sandwiched between Piezo repeats B and C (Extended Data Fig. 6e, f) .
On the cytosolic side, the CTD interacts with the latch and beam (Fig. 4e) . Latch residues Y1412, L1414 and F1415 protrude into the surface of the CTD, making contacts with K2528, F2531, E2537 and W2542 (Fig. 4e) . Towards the Cterminal end of the beam, a series of basic and polar residues (R1351, R1353, Q1356 and R1360) face acidic CTD residues (D2509, E2518, E2520 and E2524). These electrostatic interactions probably promote allosteric coupling between the beam and CTD. Notably, the equivalent mutation to R1353P, which would presumably break or kink the helical beam at this position, is found in human patients with dehydrated hereditary stomatocytosis and results in delayed inactivation kinetics 10 . Thus, the distal beam end may be a structural determinant of gating behaviour, possibly through its inter actions with the CTD.
Concluding remarks
The Piezo1 structure described here represents the first, to our knowl edge, highresolution view of this functionally and structurally novel class of ion channel. Importantly, most known human PIEZO1 and PIEZO2 GOF disease mutants 35, 36 can be mapped onto the structure, which indicates that our model encompasses many of the functionally important domains, and moreover, allows a structural interpretation of diseasecausing mechanisms (Fig. 5a) .
A central question in the study of Piezo channels is how mem brane tension results in channel activation. A recent study probing for mechano sensitive domains in Piezo1 37 implicated regions as disparate as the N terminus (which probably resides towards the outer 'tip' of the propeller blade) and the central extracellular cap. Thus, mechanical activation is likely to involve movements of various domains spanning the entirety of the protein complex. Our structure clarifies the features that contribute to this process (Fig. 5b, c) . The arrayed Piezo repeats potentially induce a remarkable degree of local membrane deformation, conceivably through their amphipathic helices. Although free energy calculations 38 have suggested that the energetic cost of local membrane deformation plays a key role in the mechanosensitivity of MscS 25 and TRAAK 23 channels, its contribution to Piezo structure and function in membrane bilayers will require further study. Nonetheless, our results allow us to speculate that membranetensioninduced conformational changes of the Piezo repeats are transmitted through the beam and/or anchor domains to the inner helix and CTD, which in turn determine the activation state of the channel. The nature of these conformational transitions remains unclear, but the present structure of a closed state will guide further investigations of the process of Piezo mechanical activation.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. soft mask around a single blade and the most symmetric parts of the molecule (cap, anchor, Piezo repeat A, inner and outer helices) and requesting local angular searches resulted in reconstructions at 4.1 (blade class 1) and 4.5 Å (blade class 2) resolution, respectively.
Model building and refinement. The 3.8 Å resolution map of the Piezo1 core sharpened with a Bfactor of −118 automatically determined using relion_post process was primarily used for model building and refinement. Initially, the crystal structure of the extracellular cap domain 22 (PDB code 4RAX) was docked as a rigid body, and a polyalanine model was fitted into the rest of the Piezo1 core. Rough sequence assignment was ascertained from the position of the docked cap domain, as well as transmembrane topology prediction and previous immunos taining and mass spectrometry data 34 demonstrating the positions of extracellular loops and intracellular phosphorylation sites, respectively. We were able to model amino acids for 14 out of the 26 transmembrane helices observed in our electron microscopy maps. We note here that the previous membrane topology analysis 34 approximates the presence of 21 transmembrane helices in addition to the 14 we have modelled. The N and C termini of the channel are intracellular 34 , necessitating an even number of transmembrane helix segments. This would suggest a putative total of 34 or 36 transmembrane helices, and up to 8 Piezo repeats per protomer. Nonetheless, additional studies are needed to clarify the exact membrane topology of Piezo proteins.
Precise sequence registry assignment was determined by locating bulky Phe, Arg, Tyr, and Trp side chains, as well as the absence of sidechain density for Gly. Sidechain densities were not well resolved for many Asp and Glu side chains, prob ably owing to radiation damage 44 . Some portions of the beam and Piezo repeats B and C were built using the blade class 1 map (sharpened to an automatically determined Bfactor of −152), then symmetrized threefold to fit into the C3 symmetry core map. Iterative manual model building and automatic refinement were carried out in Coot 45 , and Phenix.real_space_refine 46 , respectively. Final structural refinement was carried out in the C3 symmetry core map, with strong restraints applied to portions built using the blade class 1 map, as well as non crystallographic symmetry restraints for the entire model. Model geometry and fit to map were validated using MolProbity 47 and EMRinger
48
. Electrostatic potential surfaces were calculated using APBS 49 . Structural figures were made in PyMOL 50 or UCSF Chimera 51 .
Generation of mutants.
Mouse Piezo1 mutants M2493A, F2494A and double mutant M2493A/F2494A were generated using QuickChange II XL sitedirected mutagenesis kit according to the manufacturer's instruction and confirmed by fulllength DNA sequencing. All mouse Piezo1 constructs were inserted into an IRESGFP pcDNA3.1 vector. Cell culture and transfections. Wildtype and mutant mouse Piezo1 were trans fected and tested in Piezo1knockout (P1KO) HEK293T cells. HEK293TP1KO cells were generated using CRISPR-Cas9 nuclease genome editing technique as described previously 14 and not tested for mycoplasma contamination nor further authenticated. Cells were grown in DMEM containing 4.5 mg ml −1 glucose, 10% fetal bovine serum, 50 U ml −1 penicillin and 50 μg ml −1 streptomycin. Cells were plated onto 12mm round glass polydlysine coated coverslips placed in 24well plates and transfected using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instruction. All plasmids were transfected at a concentration of 600 ng ml −1
. Cells were recorded from 24 to 36 h after transfection. Electrophysiology. Patchclamp experiments were performed in standard whole cell or cellattached mode using Axopatch 200B amplifier (Axon Instruments). Macroscopic currents were filtered at 2 kHz and sampled at 20 kHz. Leak currents before mechanical stimulations were subtracted offline from the current traces. Voltages were not corrected for a liquid junction potential except for ion selectivity experiments. Liquid junction potential was calculated using Clampex 10.3 soft ware. All experiments were done at room temperature.
Mechanical stimulation: For wholecell recordings, mechanical stimulation was achieved using a firepolished glass pipette (tip diameter 3-4 μm) positioned at an angle of 80° relative to the cell being recorded. Downward displacement of the probe towards the cell was driven by Clampexcontrolled piezoelectric crystal microstage (E625 LVPZT Controller/Amplifier; Physik Instrumente). The probe had a velocity of 1 μm ms −1 during the ramp phase of the command for forward movement and the stimulus was applied for 150 or 300 ms. To assess the mechanical sensitivity of a cell, a series of mechanical steps in 0.5 or 1 μm increments was applied every 20 s. For I-V relationship recordings, voltage steps were applied 700 ms before mechanical stimulation (150 ms) from a holding potential of −60 mV. Voltage steps were given from −80 mV to +80 in 20 mV increments.
Stretchactivated currents were recorded in the cellattached patchclamp configuration. Membrane patches were stimulated with a 5 s prepulse duration of +5 or 0 mm Hg followed by 500 ms negative pressure pulses through the
MethODS
No statistical methods were used to predetermine sample size. The experiments were not randomized and investigators were not blinded to allocation during experiments and outcome assessment. Sample preparation. Protocols to purify mouse Piezo1 were adapted from a pre vious study 22 with modifications. Suspensionadapted HEK293F cells (purchased and authenticated from ATCC, tested negative for mycoplasma) were grown at 37 °C to a cell density of approximately 1.5 million per ml and transfected with a pcDNA3.1IRESGFP plasmid 22 containing mouse Piezo1 (Uniprot KB acces sion number E2JF22) fused to a Prescission protease cleavage site (LEVLFQGP) followed by a glutathione Stransferase GST coding sequence (this plasmid was a gift from B. Xiao). For transfection, DNA (300 μg) and polyethylenimine (900 μg) were added per litre of HEK cells. Sodium butyrate (4 mM) was added to the cells 12-24 h after transfection. Approximately 48 h after transfection, cells were col lected and resuspended in buffer containing 25 mM PIPES pH 7.2, 150 mM NaCl, 1% CHAPS, 0.5% soy phosphatidylcholine, 0.1% C 12 E 9 , 2 mM dithiothreitol (DTT), and cOmplete protease inhibitor cocktail (Roche). The lysate was stirred for 1 h at 4 °C, clarified by centrifugation, and incubated with Glutathione Sepharose 4B resin (GE Healthcare) for 3 h. The resin was washed extensively with buffer A (25 mM HEPES pH 8.0, 150 mM NaCl, 100 μM glycodiosgenin, 2 mM DTT). Prescission protease was added to a ~30% slurry of resin in buffer A at a ratio of approximately 100 μg per ml resin and incubated at 4 °C overnight. The flow through was concentrated and subjected to sizeexclusion chromatography on a Superose 6 increase column equilibrated to buffer A. The peak corresponding to Piezo1 trimer was collected and concentrated to ~5 mg ml . Protein (3.5 μl) was applied to a freshly plasma cleaned UltrAuFoil R1.2/1.3 grid, blotted for 3.5 s with a blot force of 0, and plungefrozen in liquid ethane using a Vitrobot Mark IV (FEI). Cryo-EM data collection. An initial dataset of mouse Piezo1 was collected in a Talos Arctica electron microscope (FEI) equipped with a K2 direct detector camera (Gatan) operated at 200 kV and having a nominal pixel size of 1.15 Å. Subsequent data were collected on a Titan Krios electron microscope (FEI) equipped with a K2 direct detector camera (Gatan) operated at 300 kV and having a nominal pixel size of 1.03 Å. Micrographs were automatically collected using Leginon software 39 . The total accumulated dose was ~60 e − Å −2 and the target defocus range was 0.8-2.2 μM. Micrograph movie frames were doseweighted and aligned using MotionCor2 40 . CTF values were estimated using Gctf 41 . Image processing. Templatebased particle picking, 2D and 3D classification, and 3D refinements were carried out in Relion 2.0 42 . Unwanted particle picks due to ice contaminations or the grid hole edges were removed using EM Hole Punch 43 . An initial set of 527 micrographs was collected on the Talos Arctica microscope, from which approximately 96,000 particle images were extracted. After referencefree 2D classification and 3D classification using the published mediumresolution Piezo1 reconstruction 22 as an initial reference (lowpass filtered to 60 Å), a ~26,000 particle subset was identified that refined to a ~5 Å resolution reconstruction with C3 symmetry applied.
Two separate data collection sessions were conducted on the Titan Krios microscope. 1,978 micrographs were collected in session 1, yielding approxi mately 281,000 particles. This particle stack was subjected to 2D classification to remove classes not displaying welldefined features of the Piezo1 trimer, result ing in 266,000 particles. In session 2, 1,086 micrographs were collected, yielding approximately 144,000 particles from which 112,000 particles were chosen after 2D classification. The post2D classification particle stacks from sessions 1 and 2 were combined into a stack with approximately 378,000 particles. This stack was sub jected to 3D classification requesting three classes, using a 60 Å lowpassfiltered map of mouse Piezo1 generated from the Talos Arctica dataset as an initial refer ence. The best class contained 106,000 particles, which were subjected to a round of 3D classification without alignment requesting six classes. The most populated class from this round of refinement contained 73,000 particles. Autorefinement of these particles with and without C3 symmetry imposed resulted in reconstructions at 3.9 and 4.5 Å resolution, respectively. C3 symmetry imposed refinement with a soft mask around the Piezo1 core (cap, inner and outer helices, anchor, CTD, Piezo repeats A-C, latch and beam domains) requesting local searches resulted in a 3.8 Å resolution map with improved features.
Inspection of the asymmetrically refined map indicated a progressive break of symmetry towards the blade periphery (Extended Data Fig. 3a) . To resolve the peripheral regions of the blade better, relion_particle_symmetry_expand was used to enlarge the particle stack threefold artificially, and add 120° or 240° to the first Euler angle determined in the initial C1 refinement. Alignmentfree 3D classification of these approximately 220,000 'expanded' particles requesting six classes with a soft mask around a single blade yielded two highly populated classes containing approximately 102,000 (blade class 1) and 74,000 expanded particles (blade class 2) with distinct blade conformations. Refinement with a Article reSeArcH recording electrode using Clampexcontrolled pressure clamp HSPC1 device (ALAscientific) 19 . Because the singlechannel amplitude is independent of the pressure intensity, the most optimal pressure stimulation was used to elicit responses that allowed singlechannel amplitude measurements. These stimula tion values were largely dependent on the number of channels in a given patch of the recording cell. Singlechannel amplitude at a given potential was measured from trace histograms of 5-10 repeated recordings. Histograms were fitted with Gaussian equations using Clampfit 10.3 software. Singlechannel slope conduct ance for each individual cell was calculated from linear regression curve fit to singlechannel I-V plots.
Solutions: For wholecell patchclamp recordings, recording electrodes had a resistance of 2-3 MΩ when filled with internal solution composed of (in mM) 133 CsCl, 1 CaCl 2 , 1 MgCl 2 , 5 EGTA, 10 HEPES (pH 7.3 with CsOH), 4 MgATP and 0.4 Na 2 GTP. The extracellular solution was composed of (in mM) 133 NaCl, 3 KCl, 2.5 CaCl 2 , 1 MgCl 2 , 10 HEPES (pH 7.3 with NaOH) and 10 glucose. For ionselectivity experiments, internal solution used was (in mM) 150 CsCl, 10 HEPES (pH 7.3 with CsOH) and extracellular solution consisted of (in mM) 100 CaCl 2 and 10 HEPES (pH 7.3 with CsOH).
For cellattached patchclamp recordings, external solution used to zero the membrane potential consisted of (in mM) 140 KCl, 1 MgCl 2 , 10 glucose and 10 HEPES (pH 7.3 with KOH). Recording pipettes were of 1-3 MΩ resistance when filled with standard solution composed of (in mM) 130 mM NaCl, 5 KCl, 1 CaCl 2 , 1 MgCl 2 , 10 TEACl and 10 HEPES (pH 7.3 with NaOH). Surface immunostaining. Surface immunostaining of Piezo1 was carried out as described previously 34 , with slight modifications. In brief, pcDNA3.1 IRESGFP vector encoding wildtype or mutant Piezo1 constructs containing the Myc tag (EQKLISEEDL) inserted at a previously determined extracellular amino acid posi tion 897 34 were expressed in HEK293TP1KO cells on polydlysinetreated glass coverslips. Two days after transfection, labelling of nonpermeabilized cells was carried out by incubating the cells with 9E11 antiMyc antibody (1:50; Santa Cruz Biotechnology). After six washes with warm medium, cells were incubated with secondary antibodies conjugated to Alexa Fluor 568 (1:200; Life Technologies) for 10 min at room temperature. Cells were washed six times with warm medium and once with PBS, and then fixed with 4% paraformaldehyde (PFA) in PBS for 30 min. For permeabilization, cells were fixed with 4% PFA for 10 min and then treated with 0.3% Triton X100 and blocked with 10% normal goat serum in PBS before incubation with antibodies (primary: 1:200 for 2 h, secondary: 1:400 for 1 h, in block solution). Cells were imaged with a Nikon C2 confocal microscope with 40× oil immersion objective by illumination with the 543 nm laser. The live labelling and permeabilized staining were repeated in three separate experiments to confirm results.
Fluorescence detection size-exclusion chromatography. Suspensionadapted HEK293F cells were transfected with pcDNA3.1 vector containing wildtype Piezo1 or the M2493A/F2494A double mutant fused to tdTomato at the C terminus. Then, 48 h after transfection, 1 ml of the culture was pelleted and resuspended in 200 μl of buffer containing 25 mM HEPES pH 8.0, 150 mM NaCl, 1% CHAPS, 0.5% soy phosphatidylcholine, 1 mM PMSF, 2 μM pepstatin A, 2 μg ml −1 aprotinin, 2 μg ml −1 leupeptin. Onehundred microlitres of clarified supernatant was injected into a Superose 6 increase column in line with a fluorimeter tracking tdTomato fluorescence (excitation at 554 nM, emission at 581 nM). Data availability. Electron microscopy maps have been deposited into the Electron Microscopy Data Bank (EMDB) under accession code EMD7128. A structural model has been deposited to Protein Data Bank (PDB) under accession code 6BPZ. All other data can be obtained from the corresponding authors upon reasonable request. Life Sciences Reporting Summary Nature Research wishes to improve the reproducibility of the work that we publish. This form is intended for publication with all accepted life science papers and provides structure for consistency and transparency in reporting. Every life science submission will use this form; some list items might not apply to an individual manuscript, but all fields must be completed for clarity. 
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Data exclusions
Describe any data exclusions. For patch clamp recordings, no data was excluded unless the recording quality was poor due to factors such as large noise or instability.
Replication
Describe whether the experimental findings were reliably reproduced.
Electrophysiological experiments were reproduced according to the sample size as indicated in each figure. In addition, the recordings and parameters were reproducible across multiple days and transfection batches.
Randomization
Describe how samples/organisms/participants were allocated into experimental groups.
For patch clamp recordings, samples were grouped based on the genes of interests transfected into the cells.
Blinding
Describe whether the investigators were blinded to group allocation during data collection and/or analysis.
The investigators were not blinded to group allocation.
Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.
Statistical parameters
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the Methods section if additional space is needed).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)
A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same sample was measured repeatedly A statement indicating how many times each experiment was replicated
The statistical test(s) used and whether they are one-or two-sided (note: only common tests should be described solely by name; more complex techniques should be described in the Methods section)
A description of any assumptions or corrections, such as an adjustment for multiple comparisons
The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)
Clearly defined error bars
See the web collection on statistics for biologists for further resources and guidance.
